Aim: Actin rearrangements are induced in the dorsal hippocampus after conditioned morphine withdrawal, and involved in the formation of conditioned place aversion. In the present study, we investigated the mechanisms underlying the actin rearrangements in rat dorsal hippocampus induced by conditioned morphine withdrawal. Methods: The RhoA-ROCK pathway inhibitor Y27632 (8.56 μg/1 μL per side) or the Rac1 inhibitor NSC23766 (25 μg/1 μL per side) was microinjected into the dorsal hippocampus of rats. Conditioned place aversion (CPA) induced by naloxone-precipitated morphine withdrawal was assessed. Crude synaptosomal fraction of hippocampus was prepared, and the amount of F-actin and G-actin was measured with an Actin Polymerization Assay Kit. Results: Conditioned morphine withdrawal significantly increased actin polymerization in the dorsal hippocampus at 1 h following the naloxone injection. Preconditioning with microinjection of Y27632, but not NSC23766, attenuated CPA, and blocked the increase in actin polymerization in the dorsal hippocampus. Conclusion: Our results suggest that the small GTPase RhoA, but not Rac1, in the dorsal hippocampus is responsible for CPA formation, mainly through its regulation of actin rearrangements.
Introduction
Opiate addiction is a chronic relapsing disorder characterized by compulsive drug seeking and taking behaviors [1] , which are driven by two distinct motivational factors: the rewarding effects of the drug (positive reinforcement) and the avoidance of withdrawal symptoms (negative reinforcement). Clinical evidence suggests that the negative reinforcement associated with drug withdrawal may play a more important role in driving persistent drug craving and relapse to compulsive drug use [2, 3] . Conditioned place aversion (CPA) is a model of Pavlovian associative learning in which drug withdrawal is paired with a particular context that then triggers the onset of association between the negative effects of drug withdrawal with the environment, leading the animals to avoid the withdrawalpaired context. Therefore, CPA is one of the most sensitive animal models for measurement of the negative effects of morphine withdrawal in dependent animals [4] and can be used to explore the neurobiological mechanisms underlying aversive memory formation of drug withdrawal.
Multiple lines of evidence have demonstrated that the hippocampus plays an important role in learning and memory in both animals and humans [5] [6] [7] , and the hippocampus may be a major target for studies of synaptic plasticity and information storage in the brain. We recently found that excitotoxic lesions of the dorsal hippocampus impaired morphine withdrawal-induced CPA, confirming the crucial role of the hippocampus in the motivational effects of opioid withdrawalassociated memory [8] . This hippocampal synaptic plasticity contributes to a variety of brain functions including learning www.nature.com/aps Wang J et al Acta Pharmacologica Sinica npg and memory [9, 10] . Changes in dendritic spine morphology are believed to be involved in synaptic plasticity [11, 12] . Cytoskeletal actin is the major structural component of the dendritic spine [13] , and its dynamic conversion between G-actin (globular actin) and F-actin (actin filament), namely actin rearrangements, is involved in synaptic plasticity [14, 15] . A growing body of evidence suggests that actin rearrangements play a crucial role in synaptic plasticity associated with learning and memory [16, 17] . Our previous work also showed in the rat CPA model that synaptic actin rearrangements in the dorsal hippocampus were required for aversive memory formation [8] . However, the molecular mechanisms of actin rearrangements in the dorsal hippocampus, which are critical for aversive memory formation, have yet to be elucidated.
Rho, Rac, and Cdc42 are three members of the small Rho GTPase family. They oscillate between a GTP-bound active state and a GDP-bound inactive state and act as molecular switches that control the organization and dynamics of the actin cytoskeleton [18] . Much evidence has demonstrated that the Rho GTPases control the assembly and disassembly of the actin cytoskeleton and regulate actin rearrangements at synapses in response to extracellular signals [19, 20] . These findings suggest the possibility that the Rho GTPases may be involved in synaptic actin polymerization. Therefore, in the present study, we utilized the CPA model to explore whether and which Rho GTPases are responsible for the actin rearrangements in the dorsal hippocampus, as well as aversive memory formation of drug withdrawal.
Materials and methods

Animals
Sprague-Dawley male rats (clean grade) weighing 220-300 g were obtained from the Laboratory Animal Center, Chinese Academy of Sciences (Shanghai, China). Rats were housed two to three per cage and maintained on a 12 h light/dark cycle with access to food and water ad libitum. All experimental procedures were in strict accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Conditioned place aversion
The CPA apparatus (Anilab Software & Instruments Co, Ltd, China) was divided into two equal-sized compartments [55 cm (length)×30 cm (width)×30 cm (height)] separated by a removable board (10×10 cm), which allowed the rats free access to each compartment. The two compartments were distinguished by visual and tactile cues: one was a blank wall with a smooth floor, whereas the other was a white wall with a textured floor. These distinctive tactile and visual stimuli served as the conditioning cues. The conditioned morphine withdrawal procedure has been described previously [8, 21] . Briefly, animals experienced three phases: preconditioning, conditioning, and testing. In the preconditioning phase, the rats were allowed to freely explore the entire apparatus for 15 min. Time spent in each compartment was recorded, and those showing a strong unconditioned aversion (one compartment >720 s) for either compartment were eliminated from the study. Conditioning took place over the next 2 d. On the first day, the rats were injected with saline (1 mL/kg, sc) and then returned to home cages. Four hours later, they were given saline again and then confined to either compartment in a counterbalanced manner for 30 min. On the second day, the rats were injected with either morphine (10 mg/kg, sc) or saline (1 mL/kg, sc) and then returned to their home cages. Four hours later, they were injected with either naloxone (0.3 mg/kg, sc) or saline and then confined to the compartment opposite to the first day for 30 min. This compartment will be referred to as the "drug treatment-paired compartment." The testing phase took place 24 h after the conditioning trial. During this phase, all of the rats were allowed to freely explore the entire apparatus for 15 min, and the amount of time spent in each compartment was recorded. The CPA score represents the time in the drug treatment-paired compartment during the testing phase minus that during the preconditioning phase. For Western blotting analysis, rats were killed immediately on the second day of CPA conditioning.
Drugs and antibodies
Morphine hydrochloride was purchased from Qinghai Pharmaceutical General Factory. Sigma Aldrich supplied the naloxone hydrochloride. NSC23766 and Y27632 were obtained from Calbiochem. The antibodies against actin were purchased from Sigma-Aldrich and diluted 1:5000 for Western blot analysis.
Subcellular fractionation
Rats were anesthetized and killed by decapitation. Coronal brain sections (1 mm thick) were obtained using a rat brain slicer (Braintree Scientific Inc, Braintree, MA). Both sides of the hippocampus were punched from brain slices using a blunt-end, 17-gauge syringe needle (1-mm inner diameter). In all subsequent procedures, the tissues were maintained at 4 °C. A crude synaptosomal fraction was made according to the previous procedure [21] . Briefly, the tissue was homogenized with 10 strokes using a Teflon pestle in 10 volumes of 0.32 mol/L sucrose. The homogenate was centrifuged at 1000×g for 10 min, and the pellet was discarded. The supernatant was then centrifuged at 17 000×g for 30 min. The resultant P2 pellet was washed in an equal volume of 0.32 mol/L sucrose and recentrifuged at 17 000×g for another 30 min. The pellet was used as intact synaptosomes.
The amount of F-actin and G-actin was measured with an Actin Polymerization Assay Kit (Cytoskeleton, BK037). Briefly, the synaptosomes were resuspended in Lysis and F-actin Stabilization Buffer (Cytoskeleton, Part# LAS01), with protease inhibitor Cocktail (1:100, Cytoskeleton, Cat # PIC02) and ATP (Cytoskeleton, Cat #BSA04-001), and then centrifuged at 37 °C at 100 000×g for 1 h. The G-actin fraction (the supernatant) and the F-actin fraction (the pellet) were collected and analyzed by Western blotting. 
Intracerebral microinjection
Rats were anesthetized using sodium pentobarbital (50 mg/kg, ip), treated with atropine sulfate (0.2 mg/kg, ip), and then placed in a stereotaxic apparatus (Narishige, Tokyo, Japan) with the incisor bar set at 3.3 mm. Rats were implanted bilaterally with guide cannulae (26 gauge) in the dorsal hippocampus (AP, -3.5 mm; ML, ±2.5 mm; DV, -1.5 mm). Three surgical screws were implanted into the skull as anchors. The cannulae and the screws were affixed to the skull with dental cement. Insect pins (0.5 mm beyond the tip of the guide cannula) were inserted into the cannulae to maintain patency and were removed only for the infusions. All rats were given 7-10 d for postsurgical recovery before commencing behavioral training.
Bilateral microinfusions were made through 31-gauge injection cannulae (2.0 mm beyond the tip of the guide cannulae), which were connected to 10 µL microsyringes mounted to the microinfusion pump (Harvard Apparatus, South Natick, MA) for no less than 2 min and given an additional 2 min for drug diffusion. Y27632 and NSC23766 were dissolved in PBS before use and were bilaterally microinjected into the dorsal hippocampus 30 and 15 min before pairing, respectively. The doses of Y27632 and NSC23766 were chosen based on pilot experiments and previous studies [21, 22] .
Histology
After behavior testing, rats were deeply anesthetized with sodium pentobarbital and perfused transcardially with 0.9% saline followed by 4% paraformaldehyde in phosphatebuffered saline. The brains were removed and stored in a 30% sucrose/PBS solution for 2-3 d. Coronal sections (30 μm thick) were cut on a cryostat (Leica), stained with cresyl violet, and then examined by light microscopy to determine injection sites.
Data analysis
The data were analyzed with a two-tailed Student's t tests or a one-way ANOVA followed by Newman-Keuls post hoc tests when appropriate. Differences with P<0.05 were considered statistically significant. The results are presented as the mean±SEM.
Results
CPA was accompanied by actin rearrange ments in the hippo campus CPA is a reflection of the aversion memories of morphine withdrawal with a particular environment. Our previous study revealed that the actin rearrangements in the dorsal hippocampus were involved in the formation of CPA [8] . In the present study, using a similar training paradigm, we measured the synaptic actin rearrangement dynamics in the dorsal hippocampus, that is, we tested the levels of the monomeric actin (G-actin) and the polymerized actin (F-actin) at 0.5, 1 and 2 h after conditioned naloxone-precipitated morphine withdrawal and compared them with the saline-pairing control group. In accordance with previous findings, a significant elevation of the ratio of F-actin to G-actin was observed in the dorsal hippocampus at 1 h but not at 0.5 h or 2 h (con: 100%±9.02%, n=5; 0.5 h: 99.9%±9.2%, n=5; 1 h: 226.4%±37.8%, n=5; 2 h: 134.%±19.3%, F (3, 17) =7.292, P=0.0035; Figure 1A ) after conditioned naloxone-precipitated morphine withdrawal. However, the levels of total actin were not altered in the dorsal hippocampus at any of the times tested (F (3, 17) =0.3149, P=0.8144; Figure 1B ). These results demonstrated that actin rearrangements occurred in the dorsal hippocampus in response to conditioned morphine withdrawal.
Effects of intradorsal hippocampus injection of NSC23766 or Y27632 on the acquisition of conditioned place aversion induced by naloxoneprecipitated morphine withdrawal The data presented above confirm that actin polymerization in the dorsal hippocampus is involved in the aversive memory formation of conditioned morphine withdrawal. However, the molecular mechanism by which actin polymerization modu- [23, 24] . Members of the Rho GTPase family, including Rho, Rac, and Cdc42, are regarded as key regulators of the actin cytoskeleton. In this study, we tried to determine which molecular event was involved in actin polymerization.
First, we determined whether the Rho GTPase family is involved in the acquisition of morphine withdrawalinduced CPA. We chose two of the most widely reported Rho GTPases, RhoA and Rac1, as our research candidates. The RhoA-ROCK inhibitor Y27632 (8.56 μg/1 μL per side) or the Rac1 inhibitor NSC23766 (25 μg/1 μL per side) was bilaterally microinfused into the dorsal hippocampus 30 min or 15 min, respectively, before naloxone injection during the conditioning session. In the rats microinjected with vehicle or NSC23766 into the bilateral dorsal hippocampus, the time spent in the drug-paired compartment during the test session was 356.9±83.7 s and 277.4±79.3 s, respectively, both of which were significantly shorter than the time spent during the preconditioning session (657.2±35.6 s and 588.1±31.1 s, respectively; P<0.001, Student's t test; Figure 2A ), demonstrating that CPA was dramatically induced by naloxone injection following a single exposure to morphine, consistent with previous studies. However, when Y27632 was microinjected into the dorsal hippocampus, there was no significant difference between the time spent in the drug-paired compartment during the testing session (502.2±108.5 s) and that spent during the preconditioning session (594.5±34.5 s; P>0.05, Student's t test; Figure 2A ). CPA scores revealed an inhibition of morphine withdrawal-induced CPA behavior by the intra-dorsal hippocampus injection of Y27632 but not NSC23766 ( Figure 2B) . A one-way ANOVA indicated a significant difference among the groups (F (2, 25) =5.495; P=0.0112). Post hoc comparison by the Newman-Keuls test showed that Y27632 (-87.6±50.8 s, P=0.0066) produced a significant attenuation of the CPA score compared with the vehicle-injected morphine-treated group (-300.3±46.0 s). The aversion score of the NSC23766-injected group, however, was not significantly difference compared with the vehicle-injected group (-309.6±66. 6 
s, P=0.9085).
These results demonstrated that the activity of RhoA, but not Rac1, in the dorsal hippocampus was involved in the formation of CPA.
Actin polymerization occurred in the dorsal hippocampus through the RhoA but not the Rac1 signaling pathway after conditioned morphine withdrawal Our study has revealed that conditioned morphine withdrawal induced synaptic actin polymerization in the dorsal hippocampus of rats, as characterized by a significant elevation of polymerized F-actin and a decrease of monomeric G-actin. A previous study also showed that microinjection of the actin polymerization inhibitor, latrunculin A, into the dorsal hippocampus attenuated the CPA score [8] , demonstrating that the dorsal hippocampal actin rearrangements were involved in the formation of CPA. Because the results above showed that microinjection of the RhoA inhibitor Y27632, but not the Rac1 inhibitor NSC23766, prior to conditioned pairing in the dorsal hippocampus resulted in an attenuated CPA score, we further investigated whether RhoA, but not Rac1, was also involved in actin polymerization in the dorsal hippocampus.
The RhoA-ROCK inhibitor Y27632 (8.56 μg/1 μL per side) or the Rac1 inhibitor NSC23766 (25 μg/1 μL per side) was bilaterally microinfused into the dorsal hippocampus 30 min or 15 min before conditioned pairing, and the F-actin and G-actin levels at 1 h after naloxone injection were analyzed. The results are shown in Figure 3 . There was a significant increase in F-actin and a decrease in G-actin detected in the vehicle-injected group (199.5%±29.2%, n=5) compared with the control group (100.0%±5.5%, n=5). Bilateral microinfusion of the Rac1 inhibitor NSC23766 (25 μg/1 μL per side) into the dorsal hippocampus 15 min before naloxone injection also resulted in a significant increase in the ratio of F-actin/G-actin (216.9%±24.3% of control, n=5), which demonstrates that injection of NSC23766 has no effect on actin rearrangements in the dorsal hippocampus. However, bilateral microinjection of the RhoA inhibitor Y27632 (8.56 μg/1 μL per side) into the dorsal hippocampus 30 min before naloxone injection significantly (3, 19) =7.368, P=0.0026; Figure 3A) , indicating that the RhoA pathway was involved in the actin rearrangements in the dorsal hippocampus. No significant differences in the levels of total actin were found between any of the experimental groups in the dorsal hippocampus (F (3, 19) =1.023, P=0.0981, n=5; Figure 3B ). These results indicate that the small GTPase RhoA, but not Rac1, was essential for synaptic actin polymerization in the dorsal hippocampus, consistent with our behavioral results that RhoA, but not Rac1, was involved in aversive memory formation.
Histology
The injection sites for all of the rats included in the analysis of this study are illustrated in Figure 4 . The animals were killed after behavior testing, and their brains were assessed by nissl staining ( Figure 4A ). There was no significant sign of damage found in the dorsal hippocampus in any of the three groups. All injection sites were located in the dorsal hippocampus ( Figure 4B ). Injection sites for the vehicle, NSC23766 and Y27632 were basically the same; thus, no difference among the three conditions resulted from differential injection sites.
Discussion
The behavioral expression of place aversion reflects an associa- npg tion between the aversive memories of drug withdrawal and the context. An extensive body of work has associated learning and memory formation (including long-term potentiation, LTP and long-term depression, LTD) with changes in synaptic structure, namely structural synaptic plasticity [25] [26] [27] . Cytoskeletal actin is the major structural component of the dendritic spine, which is a critical site for synaptic plasticity [28] [29] [30] . Actin can be rapidly polymerized to induce cytoskeletal rearrangements, and developmental studies have shown that changes in spine morphological and structural stability and motility depended on actin polymerization. Thus, actin rearrangements in dendritic spines contribute to structural and functional changes in synapses [23, 31, 32] and behavioral adaptations [33] [34] [35] [36] , especially in certain key brain structures, including the hippocampus. In support of those findings, the present study confirmed that conditioned withdrawal from acutely morphine-dependent rats resulted in actin polymerization at 1 h but not 0.5 h or 2 h in the dorsal hippocampus, which was characterized by a net increase in the F-actin content and a decrease in the G-actin content in the synapses. A previous study demonstrated that inhibition of actin rearrangements in the dorsal hippocampus by intra-hippocampus injections of latrunculin A, an inhibitor of actin polymerization, after conditioned pairing significantly attenuated the CPA score [8] . These data support the notion that actin rearrangements in the dorsal hippocampus in response to conditioned morphine withdrawal are involved in aversive memory formation.
Next, we tried to understand the molecular mechanisms underlying actin polymerization in conditioned morphine withdrawal. Previous research has shown that signaling pathways involving the Rho family of small GTPases are key regulators of actin polymerization and myosin function of different aspects of neuronal morphologies [37, 38] . RhoA, Rac and Cdc42 are the three best-studied Rho GTPases, which control the formation of distinct F-actin-based structures [39, 40] . Studies have shown that RhoA and Rac1 are important for structural aspects of the mature neuron [41] and are related to learning and memory [42, 43] . The present study set about to explore the relationship between the small Rho GTPases and drug withdrawal-induced hippocampal actin polymerization. We tested whether RhoA and Rac1 were responsible for the actin rearrangements in the dorsal hippocampus in response to aversive memory formation of morphine withdrawal. We first determined whether RhoA or Rac1 was responsible for conditioned place aversion formation, and our results showed that the RhoA-ROCK inhibitor Y27632 significantly attenuated CPA when micro-injected into the dorsal hippocampus before conditioned pairing but not after conditioned pairing (data not show). Rats that were injected in the intra-dorsal hippocampus with the Rac1 inhibitor NSC23766 prior to conditioned pairing exhibited a strong CPA, demonstrating that RhoA, but not Rac1, was required in aversive memory acquisition. This result is in accordance with a previous study showing that genetic disruption or pharmacological inactivation of the RhoA-ROCK signaling pathway in the hippocampus impaired long-term learning and memory in rats [44] . Given the results showing the critical role for Rho GTPases in morphine withdrawal, we then tried to address the role of Rho GTPases in actin rearrangements in response to conditioned morphine withdrawal. Activation of Rho GTPases can lead to the binding of multiple effectors; therefore, these proteins play major roles in a number of neural functions, including the organization of the actin cytoskeleton. We hypothesized that the Rho GTPases controlled memory formation through the regulation of actin polymerization in the dorsal hippocampus, which has been confirmed to be required for CPA formation [8] . We micro-injected the RhoA inhibitor Y27632 or the Rac1 inhibitor NSC23766 into the dorsal hippocampus prior to conditioned training and examined the ratios of F-actin/G-actin at 1 h after naloxone injection. As we expected, inhibition of RhoA, but not Rac1, before conditioned pairing significantly blocked synaptic actin polymerization induced by conditioned morphine withdrawal. In support of this result, our previous research revealed that synaptic actin polymerization in the amygdala was dependent on the activation of the RhoA-ROCK signaling pathway, which was shown to play a critical role in CPA formation [21] . Moreover, previous work also demonstrated that actin polymerization induced by HFS in the hippocampus can be blocked by Rho kinase (ROCK) inhibitors [24] . Taken together, activation of the small Rho GTPase RhoA is most likely essential for the structural plasticity associated with experience and memory formation.
The hippocampus is a medial temporal lobe structure that has been widely reported to be critically involved in several aspects of long-term memory [45, 46] . However, very few studies have addressed its role in drug withdrawal-associated aversive learning and memory. Our previous study has revealed that excitotoxic lesions of the dorsal hippocampus impaired CPA induced by morphine withdrawal [8, 47] , certifying the essential role of the hippocampus in aversive memory formation. The present study further discusses the mechanisms and the involvement of dorsal hippocampal actin polymerization in CPA formation and indicates that the actin rearrangements rely on the activation of Rho GTPases. Taken together, we demonstrate the essential molecular events underlying actin rearrangements in the synapses of the dorsal hippocampus, which are responsible for the formation of aversive memories associated with drug withdrawal. Therefore, our work provides a possible pathway in the hippocampus for understanding the mechanisms of aversive memory formation.
